The availability of reliable and quick methods to determine defect density and polarity in GaN films is of great interest. We have used photo-electrochemical (PEC) and hot wet etching using H 3 PO 4 and molten KOH to estimate the defect density in GaN films grown by hydride vapor phase epitaxy (HVPE) and molecular beam epitaxy (MBE). Free-standing whiskers and hexagonal etch pits are formed by PEC and wet etching respectively. Using Atomic Force Microscopy (AFM), we found the whisker density to be similar to etch pit densities for samples etched under precise conditions. densities obtained by etching which increased our confidence in the consistency of methods used.
Introduction
Successful fabrication of GaN-based devices depends on the ability to grow epitaxial films on sapphire or silicon carbide with low defect density. The poor match in both lattice parameter and thermal expansion coefficient results in a high density of threading dislocations (TD) (10 8 -10 10 cm -2 ) [1, 2, 3, 4, 5] that have been demonstrated to affect both electrical and optical properties of the material [6, 7] . Mostly, the characterization of dislocations is carried out using TEM, a process that requires extensive sample preparation. Wurtzite GaN is a polar material that has two different planes along its c axis. The (0001) plane is the Ga-terminated face while the (000-1) plane is the Nface. It is known that the surface and bulk properties of epitaxial GaN layers depend greatly on the polarity [8, 9] . CBED, X-ray photoelectron spectroscopy, coaxial impact collision ion scattering spectroscopy [10] , X-ray standing wave method [11] , in-situ reflection high-energy electron diffraction (RHEED) [12, 13] and wet etching [14, 15, 16, 17] have been used to determine the polarity. Particularly, NaOH and KOH based aqueous solutions at different temperatures have been demonstrated to attack N-polar surface whereas the morphology of Ga-polar surface remains unchanged. The availability of reliable and quick methods to determine the defect density and the 2 surface polarity of GaN films is of great importance in order to understand the correlation between polarity and growth conditions and consequently to achieve high-quality GaN layers. Additionally, we have demonstrated that hot H 3 PO 4 can be used also to determine the polarity of GaN films. In fact hot H 3 PO 4 etches N-polarity GaN films very quickly resulting in the complete removal or a drastic change of the surface morphology. On the contrary, the acid attacks only the defect sites in Ga-polarity films leaving the defect-free GaN intact and the morphology unchanged. The polarity assignments, confirmed by CBED experiments, were related to the asgrown morphology and to the growth conditions. We found that by growing GaN with MBE on AlN or GaN buffer layer, it is possible to get Ga or N-polarity depending on the growth temperature 3 and growth rate of the buffer layers. GaN films grown on high temperature (HT) AlN or GaN buffer layers show Ga-and N-polarity, respectively. The films grown using low temperature (LT) buffer layer could have either Ga-or N-polarity, depending on the growth rate of the buffer layer. An AlN buffer layer grown at ~60 nm/hour led to a Ga-polar film. When the growth rate was reduced to ~20 nm/hour, a N-polar film could result. Similarly, a GaN buffer layer grown at ~220 nm/hour led to a N-polar film. When the growth rate was raised to ~ 600 nm/hour, a Ga-polar film could be obtained.
Experimental details
Two different sets of GaN samples were used for the experiments. The first set was Si- 
Results and Discussion

Defect density determined by PEC and hot wet etching in HVPE-grown GaN films.
Slightly carrier-limited conditions with moderate illumination intensity were used to etch crystalline GaN material selectively, leaving vertical wires on the surface. The AFM image of figure 1a reveals the PEC etched surface morphology of the HVPE-grown sample. We estimated the height of whiskers to be ≈700 nm and the lateral size ≈100 nm. The density is about 1-2x10 9 cm -2 . The etched surface morphology was also investigated by SEM (Fig. 1b) The calculated density of features (white dots) is ≈ 2x10 9 cm -2 , the same value obtained from AFM. In order to clarify the relation between EPD and DD and look for any consistency among the various etches, we used H 3 PO 4 and molten KOH as defect etchants in GaN. The AFM image of the HVPE-grown sample etched by molten KOH for 2 minutes at 210 o C is shown in fig. 2a . The pits, with density of ≈1x10 9 cm -2 , are of hexagonal shape and their size ranges from 40 to 100 nm in diameter and from 10 to 30 nm in depth. Figure 2b shows the surface morphology after etching in 5 H 3 PO 4 for 6 minutes at 160 o C. The EPD is the same found for the KOH etched sample and close to the density of features formed by PEC etching. During the wet etching, a careful balance must be struck to ensure that every defect is delineated, but not over-etched to cause merging which would lead to an underestimation of the defect density. We show in fig.2c an AFM scan of the same sample etched for 10 min at 200 o C in H 3 PO 4 . We estimated the EPD ≈ 1x10 8 cm -2 , an order of magnitude less than the correct value obtained earlier due to over-etching.
We characterized the HVPE-grown sample using TEM in order to get the effective DD and compare this value with the defect densities found by defect revealing wet etches. TD, primarily of edge or mixed character, were observed starting from the buffer/GaN interface and often stopping within the 9µm-thick layer. Hexagonal nanopipes are also seen with sizes in the range 4-10 nm and density ≈ 5-10x10 7 cm -2 . In all the defect density, close to the top surface, was estimated ≈ 0.5- 
Investigation of polarity in MBE-grown GaN films.
For GaN-based device applications, the understanding and the control of polarity in the epitaxial growth are essential. For MBE growth the published results show that AlN buffer layers commonly lead to Ga-polar films while GaN buffer layers lead to N-polar films. We have studied the dependency of GaN polarity on growth parameters of buffer layer by MBE. We show that both The GaN films grown on low temperature (LT) (~500 ºC) buffer layers (either GaN or AlN)
were found to have either Ga-or N-polarity. A 60-150nm thick GaN buffer layer at a growth rate of about 600 nm/hour can lead to Ga-polarity as confirmed by the surface morphology and the 2x2 RHEED pattern. However, when the thickness of buffer layer was reduced to 30-40 nm, keeping the same growth rate, the layers turned out to be of mixed polarity with a faint 2x2 reconstruction observed upon cool-down. When about 110-220 nm thick buffer layers were grown at 500 ºC with a lower growth rate (220 nm/hour), the resultant layers were of N-polarity with consistent surface morphology revealed by AFM and 1x1 reconstruction being only observed. For GaN films grown on LT (~500ºC) AlN buffer layer, their polarities also depend on the growth rate. When 20nm
buffer layers grown at rate of 60nm/hour were employed, Ga-polar films resulted. However, when 2.5-22 nm thick buffer layers grown at lower rate of 15-30 nm/hour, N-polar films can be obtained.
The typical surface morphologies of as-grown Ga-and N-polar films are presented in fig. 3 .
A high temperature (HT) AlN buffer layer (Fig. 3a) leads to Ga-polar GaN film with a smooth, but pitted surface morphology. In fig. 3 .b is shown the morphology of an N-polar films obtained using a HT GaN buffer layers. The rough morphology present 50-100nm high non-coalesced columns.
X-ray diffraction (XRD) measurements were carried out by a Philips X'Pert MRD system equipped with a four-crystal Ge (220) monochromator. On the average, the symmetric [002] peaks for the Ga-polarity films are sharper than those for the N-polarity films. The difference is much smaller for the [104] asymmetric peaks. In addition, the AlN buffer layers often lead to films with sharper XRD peaks. 
Conclusions
We have used PEC and hot wet etching to estimate the defect density in GaN films. Freestanding whiskers and hexagonal etch pits are formed by PEC and wet etching. Using AFM, we found the whisker density to be similar to EPDs. TEM study confirmed DD obtained by etching which increased our confidence in the consistency of methods used. Hot wet etching was used also to investigate polarity of GaN films. Hot H 3 PO 4 etches N-polar GaN films very quickly resulting in the complete removal or drastic change of surface morphology. On the contrary, the acid attacks only defect sites in Ga-polar films producing nanometer-scale pits but leaving the defect-free GaN intact and the morphology unchanged. The polarity assignments have been related to the as-grown morphology and to the growth conditions of the buffer layer and the subsequent GaN layer.
